Introduction
============

Effector and memory T-cell responses against tumor-associated antigens (TAAs) often arise spontaneously in breast cancer patients.[@R1]^-^[@R3] Upon appropriate reactivation, such cells can recognize autologous tumor cells and exert antitumor activity in vitro and in vivo.[@R4]^,^[@R5] These findings suggest that preexisting tumor-specific effector T-cell responses may have an impact on natural disease progression as well as on the efficiency of clinical interventions. Indeed, the accumulation of CD4^+^ and CD8^+^ memory and effector T cells is correlated with improved disease outcomes among primary and advanced breast carcinoma patients.[@R6]^,^[@R7] In recent years, it has become ever more clear that CD4^+^ T cells play an important role in antitumor immunity as they provide crucial signals for the induction of stable antitumor responses.[@R8]^,^[@R9] However, the expansion and activity of self-reactive effector T cells is strongly limited by a population of T cells with inhibitory functions, i.e., regulatory T cells (Tregs). Tregs constitute a subset of CD4^+^ T cells with immunosuppressive capacity. Human Tregs are characterized by the expression of the interleukin-2 (IL-) receptor α chain (CD25), the forkhead box P3 (FOXP3) transcription factor and reduced expression levels of the interleukin-7 receptor (CD127).[@R10] Tregs often accumulate in the blood and malignant lesions of cancer patients. Robust tumor infiltration by Tregs correlates with poor survival rates in patients affected by distinct tumor types including (but not limited to) breast,[@R11] gastric[@R12] and ovarian cancer.[@R13]

Since Tregs may suppress not only spontaneous antitumor T-cell responses but also T-cell responses induced by immunotherapeutic interventions, such as anticancer vaccines, this immunosuppressive cell population has a critical clinical relevance. Tregs are activated upon recognizing cognate antigens through the T-cell receptor, hence acquiring robust immunosuppressive functions.[@R14]^,^[@R15] It is therefore conceivable that in cancer patients, expanded populations of TAA-specific Tregs might be particularly active in suppressing antitumor immune responses. Expanded populations of TAA-specific Tregs may have a strong negative impact in the setting of anticancer vaccination, since TAA-targeting vaccines might specifically reactivate preexisting tumor-reactive Tregs and hence potentially exert adverse rather than protective effects. In line with this assumption, it has previously been demonstrated, in mice, that TAAs can induce Tregs that inhibit antitumor immune responses in the periphery.[@R16]

Thus, monitoring TAA-specific Tregs should constitute a crucial part of any clinical study of cancer immunotherapy, especially when clinical procedures attempt to activate CD4^+^ T cells, as this bears the risk of co-activating CD4^+^ immunosuppressive Tregs. So far, the specificities of human Tregs have been very poorly investigated, in particular among breast cancer patients. In part, this may be due to a lack of appropriate experimental tools, notable the lack of HLA Class II tetramers labeled with HLA Class II-restricted epitopes of relevant TAAs.

Here, using dedicated functional assays, we characterized HLA Class II-restricted epitopes of the breast cancer-associated antigen mammaglobin and generated HLA Class II tetramers to analyze the presence, frequency and biological relevance of mammaglobin-specific Tregs in breast cancer patients. Mammaglobin is highly expressed by all breast tumors, and its expression is largely confined to the breast tissue,[@R17] rendering it a useful diagnostic marker as well as a prominent therapeutic target.[@R18]^-^[@R20] Previous studies from our group have revealed that mammaglobin is an important target of spontaneous memory and effector T-cell responses in breast cancer patients. Although mammaglobin is well studied, no specific HLA Class II tetramer exists as of yet. In the present study, tetramers of two different HLA Class II molecules presenting a mammaglobin-derived peptide were generated, tested and employed to stain T cells isolated from breast cancer patients.

Results
=======

Presence of mammaglobin-specific effector and regulatory T cells in breast cancer patients
------------------------------------------------------------------------------------------

In a first set of experiments, we determined the presence of mammaglobin-reactive T cells in the blood of 23 breast cancer patients ex vivo by interferon γ (IFNγ) ELISPOT assays. To this end, we co-cultured patient-derived T cells together with autologous dendritic cells (DCs) that were pulsed with 200 μg/mL of a synthetic long peptide derived from the mammaglobin epitope 4--56 ([Fig. 1A](#F1){ref-type="fig"}) or with human IgG, as negative control antigen, at 5:1 ratio for 40 h in ELISPOT plates. In order to assess the influence of Tregs on mammaglobin-specific T-cell reactivity, cell aliquots from 16 samples were depleted of Tregs via anti-CD25 magnetic bead separation. Original results from two representative patients are shown in [Figure 1B and C](#F1){ref-type="fig"}. These demonstrate the presence of mammaglobin-reactive T cells in both Treg- depleted samples, while mammaglobin-specific effector T-cell reactivity was completely ([Fig. 1B](#F1){ref-type="fig"}) or partially ([Fig. 1C](#F1){ref-type="fig"}) inhibited in the presence of Tregs. Overall, we detected significant effector T-cell responsiveness in 50% of the samples that were depleted of Tregs, but only in 35% of the samples that contained them ([Fig. 1D](#F1){ref-type="fig"}). Moreover, we observed a significant increase in the number of mammaglobin-reactive effector T cells upon Treg depletion (138 IFNγ spots/well vs. 76 IFNγ spots/well in total T-cell population; p = 0.02). These data demonstrate that pre-existing mammaglobin-reactive effector T cells from breast carcinoma patients are functionally controlled by Tregs upon mammaglobin-specific reactivation.

![**Figure 1.** Functional assays of mammaglobin-specific conventional and regulatory T cells. (**A**) Position of tested peptides within the mammaglobin sequence. (**B andC**) Total T cells or T cells depleted of regualtory T cells (Tregs) were analyzed in an interferon γ (IFNγ) ELISPOT assay upon stimulation with the mammaglobin-derived peptide mam~4--56~ or human IgG (negative control). The assay was conducted in triplicate instances. Representative results from two patients are shown (p values as per two-tailed Student\'s t-tests are indicated). (**D**) Frequency of patients demonstrating a significant mammaglobin-specific activation of T cells in ELISPOT assays. Response rate of total T cells (23 patients tested) and Treg-depleted T cells (16 patients tested) are shown. (**E and F**) Analysis of mammaglobin-specific circulating Tregs from breast carcinoma patients. Treg cells were stimulated with dendritic cells pulsed with the peptides of interest (or with IgG~40--89~, as a negeative control) and polyclonally activated conventional T (Tcon) cells were added after 18 h. The proliferation of Tcon cells was measured by thymidine uptake assays. As a control, the proliferation of Tcon cells in the absence of Tregs is shown. Assays were conducted in triplicate instances. Results are reported as means of triplicate assays ± SEM (p values as per two-tailed Student\'s t-tests are indicated). In (**E**), representative results from one patient exhibiting Tregs specific for mam~34--48~, mam~42--57~ and mam~4--56~ are shown. (**F**) illustrates the percentage of patients exhibiting a significant activation of Tregs upon stimulation with the indicated peptide (n = number of patients tested). (**G**) Peptide-specific Treg-mediated suppression of Tcon proliferation, calculated as a percent reduction in the proliferation of polyclonally activated Tcon cells incubated with Tregs stimulated with mammaglobin-derived vs. control peptides. Red symbols represent a significant activation in Treg specificity assays (p values as per Wilcoxon signed-rank tests comparing the median to zero are indicated).](onci-2-e24962-g1){#F1}

We therefore assessed the presence of mammaglobin-reactive Tregs in the blood of breast cancer patients. To this end, we stimulated purified Tregs with mammaglobin-derived synthetic peptides or control antigens (IgG) and assessed their capacity to suppress the proliferation of polyclonally activated, autologous conventional T (Tcon) cells.[@R21] For Treg activation, we either used the long synthetic peptide mam~4--56~ or potential HLA-DRB1-restricted epitopes thereof, which we predicted by means of the bioinformatic tool SYFPEITHY.[@R22] The prediction of 15-mers was also made for HLA-DRB1 molecules common among the Caucasian population, namely, 01:01, 03:01, 04:01, 07:01 and 15:01 ([Table 1](#T1){ref-type="table"}). Three mammaglobin 15-mers with the highest SYFPEITHY score had already been reported to constitute epitopes for Tcon cells[@R23] and were therefore selected for the activation of Tregs in Treg specificity assays. All these peptides are located at the N-terminus of the secretoglobin homology domain of mammaglobin ([Fig. 1A](#F1){ref-type="fig"}).

###### **Table 1.** Prediction of possible HLA ligands of the known tumor-associated antigen mammaglobin\*

  Name          Position   Sequence           01:01   03:01   04:01   07:01   15:01
  ------------- ---------- ------------------ ------- ------- ------- ------- -------
  mam~19--34~   19--34     GSGCPLLENVISKTIN   29      14      26      24      18
  mam~34--48~   34--48     NPQVSKTEYKELLQE    20      19      14      24      20
  mam~42--57~   42--57     YKELLQEFIDDNATTN   27      19      28      18      24

**\*** Possible HLA ligands of parts of the TAA mammaglobin were predicted with the tool SYFPEITHI for some of the most common HLA-DRB1 alleles in the Caucasian population. The scores for each HLA allele are given. Since the SYFPEITHI score is based on the nine core amino acids of a peptide, scores shown here are of peptides the core amino acids of which are contained in the peptide tested.

We detected mammaglobin-reactive Tregs in up to 36% of samples tested. A representative result from a patient showing a significant activation of Tregs (as indicated by the inhibition of Tcon cell proliferation) by the predicted peptides mam~34--48~ and mam~42--57~ as well as by the long peptide mam~4--56~ (virtually containing all other sequences tested) is shown in [Figure 1E](#F1){ref-type="fig"}. Of predicted epitopes, mam~37--48~ induced significant immunosuppression in the highest portion of patients tested, i.e., 36.4%. Mam~19--34~ and mam~42--57~ activated Treg immunosuppression in 16.7% and 17.7% of patients tested, respectively. The long peptide mam~4--56~ exert immunosuppressive effects in 25.0% of patients tested ([Fig. 1F](#F1){ref-type="fig"}). The extent of mammaglobin-specific Tcon suppression in patients was calculated as the percentage reduction of Tcon proliferation as mediated by Tregs activated with the peptide of interest as compared with that induced by Tregs exposed to a human IgG-derived (control) peptide.

Patients exhibited large interindividual differences in the immunosuppressive activity of mammaglobin-specific Tregs, the highest activity being a 63--71% reduction in Tcon proliferation by Tregs exposed to mam~37--48~, mam~42--57~ and mam~4--56~ ([Fig. 1G](#F1){ref-type="fig"}). On average, Tregs reactivated with these peptides inhibited Tcon proliferation by 14%, 19% and 33%, respectively. On this basis, we selected mam~34--48~ for generation of HLA Class II tetramers, as it significantly activated Tregs in the highest percentage of patients (36.4%) and showed a significant Tcon-suppressive activity among all patients tested.

In order to identify suitable HLA-DRB1 alleles for the generation of a mam~34--48~ presenting tetramer, we first compared the HLA-DRB1 alleles expressed by all patients tested in Treg specificity assays with the frequency of patients exhibiting significant peptide-specific Treg responses ([Table 2](#T2){ref-type="table"}). Mam~34--48~ showed a bias toward the predicted HLA alleles as peptide-specific Treg-mediated immunosuppression was detected in 36.4% of patients carrying either of these alleles, while Treg responsiveness was significantly reduced in patients carrying other HLA-DRB1 alleles ([Table 2](#T2){ref-type="table"}). We selected the HLA-DRB1\* alleles 04:01 and 07:01 for the generation of mam~34--48~ tetrameric complexes, since (1) the binding of mam~34--48~ to these alleles has previously been demonstrated,[@R23] and (2) we detected mam~34--48~-specific Tregs in a high percentage of patients carrying either of these alleles.

###### **Table 2.** HLA restriction of mam~34--48~-specific Treg activation\*

  HLA-DRB1\*           N° patients   Responding   Non-responding   \%       SYFPEITHI score
  -------------------- ------------- ------------ ---------------- -------- -----------------
  07:01                6             2            4                33.33    24
  01:01                8             2            6                25.00    20
  15:01                8             1            7                12.50    20
  03:01                3             3            \-               100.00   19
  04:01                1             1            \-               100.00   14
  All predicted HLAs   22            8            14               36.36    \-
  others               4             1            3                25.00    \-

For the HLA molecules used in prediction, the number of patients tested in the Treg specificity assay, the number of patients showing a significant response, the number showing no response and the percentage of responding patients is shown. The last column shows the prediction score for the respective HLA molecule.

Enrichment of mammaglobin-specific CD4^+^ Tcon cells and Tregs in breast cancer patients
----------------------------------------------------------------------------------------

Both mam~34--48~-specific HLA-DRB1\*04:01 and \*07:01 tetramers were produced and kindly provided by the NIH Tetramer Core Facility. To establish optimal tetramer staining conditions, we generated mam~34--48~-specific CD4^+^ effector T-cell lines from a healthy HLA-DRB1\*04:01-positive donor through repetitive antigen stimulation. After two primary stimulations in 96-well plates, the cells of each well were tested with IFNγ ELISPOT assays for their ability to recognize mam~34--48~. To exclude unspecific activation, the cells in each well were also tested with a negative control peptide. Cells showing the highest mam~34--48~-specific activation ([Fig. 2A](#F2){ref-type="fig"}) were cloned by limiting dilution and expanded again. After two weeks, a second IFNγ ELISPOT analysis was performed to identify a T-cell line with a high mam~34--48~-specific IFNγ production (Cell line 1; [Fig. 2A](#F2){ref-type="fig"}), which served as a positive control for tetramer staining, as well as a cell line demonstrating no antigen-specific activation (Cell line 2; [Fig. 2A](#F2){ref-type="fig"}), which subsequently served as a negative control.

![**Figure 2.** Tetramer staining of tumor-specific T cells. (**A**) T cells specific for the mammaglobin-derived peptide mam~34--48~ were induced from the CD4^+^ T cells of a HLA-DRB1\*04:01-positive subjected by means of peptide-pulsed, autologous dendritic cells. In a first test, a cell population showing strong mam~34--48~-specific responses in interferon γ (IFNγ) ELISPOT assays upon mam~34--48~-specific activation was selected. This population was subcloned and further expanded. In a second test, a cell line showing strong mam~34--48~-specific IFNγ ELISPOT responses (Cell line 1) and one showing no response (Cell line 2) were selected for tetramer staining (red dots indicate selected T-cell populations). (**B**) Cell lines 1 (upper panels) and 2 (lower panels) were stained with a control tetramer presenting the CLIP peptide (left panels) or a tetramer presenting mam~34--48~ (right panels). The percentage of tetramer-positive cells is reported in each dot plot.](onci-2-e24962-g2){#F2}

We then stained both T-cell lines with the HLA-DRB1\*04:01 tetramer presenting mam~34--48~ as well as with a negative control tetramer presenting a Class II-associated invariant chain (CLIP)-derived peptide ([Fig. 2B](#F2){ref-type="fig"}). Of note, the CLIP peptide-presenting tetramer only differed from the mam~34--48~-presenting tetramer in the presented epitope. The mam~34--48~-presenting tetramer clearly labeled a population of cells within the mam~34--48~-specific T-cell line 1, but not within the control T-cell line 2. In addition, neither the mam~34--48~-specific nor the control cell line reacted with the CLIP-presenting tetramer, demonstrating the strict antigen specificity of tetramer binding.

We then assessed the presence and frequency of mammaglobin-specific CD4^+^ Tcon cells and Tregs in the blood of HLA-DRB1\*04:01 or HLA-DRB1\*07:01-positive primary breast carcinoma patients. One representative result showing a population of 0.2% tetramer-binding CD4^+^ T cells is shown in [Figure 3A--C](#F3){ref-type="fig"}. Tregs and Tcon cells were further differentiated by co-staining with antibodies specific CD25, CD127 and FOXP3. Tregs were defined as CD25^high^CD127^low^FOXP3^+^ cells ([Fig. 3D--F](#F3){ref-type="fig"}). Of note, tetramer-positive cells were detectable among both Tregs and Tcon cells, as shown for one representative patient in [Figure 3G](#F3){ref-type="fig"}, with 5.2% of tetramer-positive cells being CD25^high^CD127^low^FOXP3^+^ Tregs and 87.4% Tcon cells.

![**Figure 3.** Tetramer staining of conventional and regulatory T cells from breast cancer patients. (**A--G**) Peripheral blood mononuclear cells (PBMCs) of a breast cancer patient were analyzed, upon gating on living CD3^+^CD4^+^ T cells. The patient sample was stained with tetramers presenting either mam~34--48~ (**B**) or the CLIP peptide (**C**). Numbers indicate the percentage of cells in the respective gate, referring to lymphocytes (**A**) or CD3^+^CD4^+^ T cells (**B**) and (**C**). Within CD3^+^CD4^+^ T cells, regulatory T cells (Tregs) were identified as CD25^high^CD127^low^ (**D**) and (**G**) and CD25^high^CD127^low^FOXP3^+^ (**E**), (**F**) and (**H**). (**G**) reports the percentage of Tregs within tetramer-positive cells in a representative patient. (**I**) Frequency of mam~34--48~- and CLIP-presenting tetramer-positive cells among CD3^+^CD4^+^ T cells of breast cancer patients and healthy donors (HD) (p values as per Mann--Whitney U tests are indicated). (**J and K**) Frequency of mam~34--48~-specific Tcon (**J**) cells and Tregs (**K**) of breast cancer patients and HDs.](onci-2-e24962-g3){#F3}

To assess the pathological significance of mammaglobin-specific CD4^+^ T cells in breast carcinoma, we compared the frequency of circulating mam~34--48~-specific CD4^+^ T cells in breast cancer patients and healthy subjects. To this aim, peripheral blood mononuclear cells (PBMCs) from HLA-DRB1\*04:01 and \*07:01-positive patients and healthy donors were stained with suitable mam~34--48~- and CLIP-presenting tetramers. Breast cancer patients exhibited a mean frequency of mam~34--48~-specific T cells of 0.21%, which was significantly higher than that of healthy donors (0.06%) ([Fig. 3I](#F3){ref-type="fig"}). Interestingly, mammaglobin-specific CD4^+^ T cells were evenly distributed among Tcon cells (0.18%) and Tregs (0.17%) in breast carcinoma patients. Similar observations held true for healthy donors (0.06% and 0.07% of mammaglobin-specific CD4^+^ T cells among Tcon cells and Tregs, respectively).

Discussion
==========

We undertook the present study to analyze whether breast tissue-specific Tregs accumulate in breast carcinoma patients and whether they may contribute to the suppression of antitumor T-cell responses. As a model of tissue-specific and breast carcinoma-associated antigen we used a mammaglobin-derived long peptide, since the expression of this protein is mainly restricted to epithelial cells of the mammary gland and strongly upregulated by breast cancers.[@R17]

Half of patients tested exhibited spontaneous mammaglobin-reactive effector T cells. This demonstrates that mammaglobin represents an important target for spontaneous antitumor T-cell responses in breast cancer patients. IFNγ secretion by mammaglobin-reactive effector T cells was significantly inhibited in the presence of Tregs. Treg depletion not only increased the proportion of samples with detectable mammaglobin-reactive effector T cells from 35% to 50%, but also significantly increased the average number of mammaglobin-reactive T cells per sample (data not shown). Since this increase was only detectable in samples containing T cells stimulated with mammaglobin-pulsed DCs (but not in samples co-cultured with IgG-pulsed DCs), we hypothezised that the presentation of mammaglobin-derived peptides by DCs may have activated pre-existing mammaglobin-specific Tregs. Using a functional assay based on increased immunosuppressive potential of mammaglobin-activated Tregs, we indeed demonstrated the presence of mammaglobin-reactive Tregs in the blood of 33% of breast cancer patients tested. Using the same assay, we were able to identify a mammaglobin-derived 15-mer, mam~34--48~, which was previously described as a HLA Class II-restricted epitope of CD4^+^ Tcon cells[@R23] and which in our study efficiently activated preexisting Tregs in 36% of patients tested.

Bioinformatic prediction algorithms, previous studies[@R23] and frequent Treg responses suggested that mam~34--48~ would be presented by HLA-DRB1\*0401 and \*0701, pushing us to generate mammaglobin-presenting HLA-DR tetramers. We could confirm the presentation of mam~34--48~ by HLA-DRB1\*0401 through the generation of a CD4^+^ T-cell line that specifically reacted with a mam~34--48~-presenting HLA-DRB1\*0401 tetramer. Using this tetramer and one consisting of HLA-DR\*0701, we could confirm not only the presence of mammaglobin-specific Tregs but also that of mammaglobin-specific CD4^+^ Tcon cells in the circulation of breast cancer patients. Both antigen-specific Tregs and Tcon cells were strongly (4-fold) expanded in breast cancer patients when compared with healthy individuals. Interestingly, the relative abundance of mammaglobin-specific Tregs and Tcon cells among the respective T-cell subpopulations was nearly identical (approximately 0.2%). However, Tregs only represented approximately 5--10% of total mammaglobin-specific CD4^+^ T cells, while Tcon 85--90%. This ratio was nearly identical to that between total Tregs and Tcon cells, both in patients and in healthy individuals. Thus, although mammaglobin-specific CD4^+^ T cells were overrepresented in the T-cell repertoire of breast cancer patients, there was no skewing of T cells toward either a Tcon or Treg response. Still, we demonstrated that the small population of mammaglobin-specific Treg cells possesses the potential to efficiently suppress the proliferation of polyclonally activated autologous Tcon cells. This population may also account for the efficient inhibition of IFNγ secretion by mammaglobin-reactive memory T cells that we observed in ELISPOT assays. Thus, the physiological ratio between Tregs and Tcon found in healthy individuals[@R24] appears to persist even upon the expansion of Treg responses that frequently characterizes breast cancer patients.

In contrast to other publications,[@R25]^,^[@R26] we did not perform the peptide-specific expansion of T cells before staining. Due to this reason, the frequency of tetramer-binding cells is much lower than in the aforementioned settings. The frequencies that we detected are about ten times higher than those observed ex vivo after the NY-ESO-1-targeting vaccination reported by Ayyoub et al.[@R25] The frequencies reported in the present study are within the range expected for boosted responses (1:1,000--1:20,000) and more than 400 times higher than those expected for naïve T cells (1:200,000--1:1,000,000).[@R27] In contrast to another study by Ayyoub and collaborators,[@R26] we also detected tetramer-specific Tregs. Since in that study the overall frequencies of tetramer-binding CD4^+^ T cells among non-vaccinated patients was below 0.01%, antigen-specific Tregs may have remained undetected. Alternatively, Tregs specific for the HLA:peptide complex tested by Ayyoub and collaborators might not exist, although NY-ESO-1-specific Tregs have previously been reported.[@R28]

Until now, TAA-specific Tregs were only detected with tetramers in melanoma patients.[@R29] Thus, ours is the first study in which tumor-specific Tregs from breast carcinoma patients have been detected by HLA Class II tetramers presenting a TAA. While functional assays have been previously used to determine the presence of TAA-reactive CD4^+^ effector T cells and (more recently) Tregs,[@R3]^,^[@R21] an accurate quantification of their frequency and phenotype requires appropriate HLA Class II tetramers. Unfortunately, the availability of these reagents is still very limited, mainly due to technical difficulties. Nevertheless, improvements such as the addition of a leucine zipper to stabilize the interaction between the α and β chains have rendered the production of HLA Class II tetramers technically feasible and much more effective.[@R30] Nowadays, the greatest challenge for the application of HLA Class II tetramers to the monitoring of CD4^+^ T-cell responses in cancer patients is the lack of defined HLA Class II-restricted epitopes from relevant TAAs.[@R27] We employed a functional Treg assay for the identification of immunogenic mammaglobin epitopes, allowing us to develop and validate two novel HLA Class II tetramers for the detection of CD4^+^ Tcon and Treg responses against a breast tissue-specific antigen. We found that this epitope is presented on different HLA molecules and we detected T cells specific for various HLA:peptide complexes in patients. A similar immunodominant epitope presented by several different HLA Class II molecules is known for the influenza A strain H1N1.[@R31]

In conclusion, we have reported here the first ex vivo quantitative assessment of the abundance and functional properties of breast tissue-specific CD4^+^ Tcon cells and Tregs while introducing two new HLA Class II tetramers specific for an immunogenic epitope of mammaglobin. Our study provides further insights into the frequency of TAA-specific CD4^+^ Tcon and Tregs in cancer patients. In addition, we established reagents that allow for the monitoring of CD4^+^ T-cell responses in breast cancer patients before and after (immuno)therapeutic interventions as well as for a detailed phenotypic and functional analysis of mammaglobin-specific CD4^+^ T cells.

Materials and Methods
=====================

Patients
--------

Peripheral blood samples were obtained from primary breast cancer patients and healthy donors after informed consent. The protocol was approved by the Ethical Committee of the University of Heidelberg. Patients were typed for the HLA-DRB1 locus by the Department of Immunology of the University of Heidelberg via PCR.

Antigens
--------

Possible HLA ligands of the N-terminus of mammaglobin were predicted with the bioinformatic tool SYFPEITHI.[@R22] Top-scoring ligands has previously been published.[@R23] We used the following peptides in our study: mam~13--34~ (GSGCPLLENVISKTIN), mam~34--48~ (NPQVSKTEYKELLQE), mam~42--57~ (YKELLQEFIDDNATTN) and the long peptide mam~4--56~ (LMVLMLAALSQHCYAGSGCPLLENVISKTINPQVSKTEYKELLQEFIDDNATT). As a negative control for Treg specificity assays, the following peptide derived from human IgGs was used: IgG~40--89~ (SWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKP), which has previously been shown to constitute a suitable negative control.[@R21] To demonstrate the specificity of the mam~34--48~-specific T-cell line, an ERBB2-derived peptide predicted to bind to HLADR\*04:01 was used as a negative control (ERBB2~358--372~, SANIQEFAGCKKIFG). All peptides were synthesized in house.

Cell culture
------------

Peripheral blood mononuclear cells (PBMCs) were collected from the interphase of a Biocoll (Biochrom, L 6115) gradient centrifugation of heparinized blood. For FACS analysis, cells were cultured in X-VIVO 20 medium (Lonza, BE04-448Q) for up to 5 d. For Treg specificity assays, PBMCs were plated on Petri dishes in X-VIVO 20 medium for 30 min. Afterwards, non-adherent cells were collected by repeated washing with RPMI 1640 medium (Sigma Aldrich) and further cultured in X-VIVO 20 supplemented with 100 IU/mL interleukin (IL)-2 and 60 IU/mL IL-4. Adherent monocytes were used to generate dendritic cells (DCs) according to standard protocols by culture in X-VIVO 20 medium supplemented with 560 IU/mL granulocyte macrophage colony-stimulating factor (GM-CSF) and 1000 IU/mL IL-4 for up to 7 d.

Cell purification
-----------------

DCs were purified by depleting contaminating cells with Dynabeads Pan Mouse IgGs (Invitrogen, 110.42) coated with anti-CD3, anti-CD19 and anti-CD56 antibodies, according to the manufacturer's instructions. T cells were purified from non-adherent cells with the Dynabeads Untouched Human T-Cell kit (Invitrogen, 113.44D), as per manufacturer's instructions. Regulatory T cells (Tregs) were isolated from purified T cells by means of the MACS CD4^+^CD25^+^ Treg Isolation Kit (Miltenyi Biotec, 130-091-301). CD8^+^ and CD4^+^CD25^−^ T cells were pooled and used as conventional T (Tconv) cells for polyclonal activation.

IFNγ ELISPOT assays
-------------------

Interferon γ (IFNγ)-secreting T cells were detected by means of IFNγ ELISPOT assays, conducted as previously described.[@R4] Thus, antigen-pulsed DCs were incubated with either total T cells or Treg-depleted T cells in a 1:5 a ratio for 40 h. IFNγ was visualized with the Human IFNγ ELISPOT kit (Mabtech, 3420-2A). According to the manufacturer's protocol, the substrate was allowed to incubate for 20--50 min in the dark. The reaction was stopped by three washes with ddH~2~O, and membranes were allowed to dry for 72 h in the dark. Plates were read with a CTL ImmunoSpot reader (CTL Technologies) and analyzed with the ImmunoSpot Software (CTL Technologies). Assays were conducted in triplicate instances for each peptide. Patients were designated as responders when the number of spots detected in experimental conditions was significantly higher than that obtained in control wells, involving DCs pulsed with human IgGs (Sandoglobulin, CSL Behring, PZN-0571760).

Treg specificity assays
-----------------------

Treg specificity assays wese conducted as previously described,[@R21] with few modifications. DCs (5 × 10^3^) were pulsed with peptides at a final concentration of 50 μg/mL for 2 h. Afterwards, purified CD4^+^CD25^+^ Tregs were added to a Treg:DC ratio = 5:1. In parallel, Tconv cells were polyclonally activated by plate-bound anti-CD3 antibodiers for 18 h. Activated Tconv cells were added to Tregs and pulsed DCs to a 1:1 Tconv:Treg ratio. All cells were cultured in X-VIVO 20 medium without supplements. After 72 h, 1 μCi ^3^H thymidine was added and cells were incubated for additional 18 h. Thereafter, cells were lysed by two freeze-thaw cycles and the amount of thymidine taken up by the cells was measured with a scintillation counter. Tregs were designated to be specifically activated (by DC-presented peptides) when the counts in experimental conditions were significantly (p ≤ 0.05, two-tailed Student's t-test) reduced as compared with negative controls, involving DCs pulsed with a human IgG-derived peptide. All assays were conducted in triplicate instances. The extent of T con suppression by peptide specific Treg was calculated as a percent reduction in the proliferation of polyclonally activated Tcon cells incubated with Tregs stimulated with mammaglobin or control peptides. The average suppression after stimulation with the different peptides was tested for significance by the Wilcoxon signed-rank test comparing the median to zero.

Mammaglobin-specific T-cell lines
---------------------------------

Monocyte-derived DCs from an HLA-DRB1\*04:01-expressing healthy individuals were pulsed with 5 ng/mL mam~34--48~ and used to stimulate purified autologous CD4^+^ T cells in 96-well plates. After one week, T cells were re-stimulated with autologous PBMCs pulsed with 5 ng/mL mam~34--48~. In a first IFNγ ELISPOT assay, T-cell populations specifically activated by mam~34--48~ were identified. To this aim, DCs were pulsed with 2 μg/mL mam~34--48~ or an irrelevant ERBB2-derived peptide. A cell population showing robust mam~34--48~-specific responses but little response upon stimulation with the irrelevant peptide was diluted and plated with an average of 10 cells per well. After two weeks, cells were tested in a second IFNγ ELISPOT assay, and a T-cell line demonstrating a strong mam~34--48~-specific response along with one that demonstrated no specific response were used to establish optimal tetramer staining conditions.

Tetramer and FACS analysis
--------------------------

One million PBMCs were stained with 1 μL of the yellow LIVE/DEAD Fixable Dead Cell staining Kit solution (Invitrogen, L34959) in 100 μL FACS buffer (PBS supplemented with 2% fetal calf serum) for 20 min at 4 °C. After washing, cells were incubated with 6 μg/mL phycoerythrin (PE)-labeled tetramers loaded with either mam~34--48~ or a Class II-associated invariant chain (CLIP)-derived peptide in 50 μL FACS buffer for 2 h at 37 °C. Cells were washed and Fc receptors blocked with 1.5 mg/mL polyclonal human immunoglobulin (Sandoglobulin, CSL Behring, PZN-0571760). Thereafter, cells were stained with anti-CD3-Alexa Fluor 700 (Invitrogen, CD0329), anti-CD4-Pacific Blue (BD, 558116), anti-CD25-PerCP-eFluor710 (eBiosciences, 46-0257-42) and anti-CD127-FITC (BD, 560549) antibodies for 20 min at 4 °C. For intracellular FOXP3 staining, cells were permeabilized with the FOXP3 Fixation/Permeabilization Concentrate and Diluent (eBioscience, 00-5521-00) according to the manufacturer's protocol, followed by staining with anti-FOXP3-APC antibody (eBioscience, 17-4777-42). Cells were analyzed on a FACSCanto II flow cytometer (BD Biosciences) and FlowJo software (TreeStar).

Statistical analyses
--------------------

Treg specificity assays and IFNγ ELISPOT analysis were conducted in triplicate instances. T-cell responses against test peptides were compared with responses against human IgGs or a peptide thereof, which served as a negative control. Results were analyzed using two-tailed Student's t-test. Cumulative FACS results were compared using two-tailed Mann--Whitney U test. Differences were considered statistically significant when p ≤ 0.05.
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DC

:   dendritic cell

FOXP3

:   forkhead box P3

IFNγ

:   interferon γ

IL

:   interleukin

GM-CSF

:   granulocyte macrophage colony-stimulating factor

TAA

:   tumor-associated antigen

Tcon

:   conventional T

Treg

:   regulatory T cell

No potential conflicts of interest were disclosed.
